Background An effective immune system, especially during the inflammatory phase, putatively influences the quality and likelihood of bone healing. If and how this is reflected within the initial fracture hematoma is unclear.
Introduction
Bone fracture initiates a series of cellular and molecular events leading to structural reconstitution and tissue regeneration. The healing process has been characterized by four phases: an inflammatory phase, a soft callus phase, a hard callus phase, and a remodeling phase [11, 22] . During the fracture, cortical bone, periosteal tissue, and surrounding soft tissues are ruptured, destroying the blood vessels and consequently causing tissue bleeding. Thus, cells of the blood and bone marrow, such as immune cells, erythrocytes, and stem cells, ingress and are disrupted from the oxygen and nutrient supply at the injury site. This process leads to local tissue hypoxia and an inflammatory response, which is a result of migration of inflammatory cells, leukocytes, and macrophages into the fracture gap, triggering the formation of granulation tissue [43] .
Some authors suggest local inflammation initiates bone regeneration by stimulating the migration of mesenchymal stem cells, fibroblasts, and endothelial cells, as well as immune cells such as macrophages, driving the formation of soft callus and further processes [15, 22, 23] . The initial inflammatory phase of fracture healing (characterized by bioenergetically restricted conditions such as low oxygen levels, low pH, and high lactate concentrations) is reportedly one of the determining factors of fracture-healing outcome [15] .
The importance of the fracture hematoma (FH) during the course of fracture healing has also been demonstrated in animal models. Removal of the FH causes prolonged fracture healing, and the implantation of FH subcutaneously led to bone formation [10, 23, 29, 42] . Furthermore, investigations on the influence of biomechanics concerning the various phases of fracture healing indicate the inflammatory phase has a large impact on the clinical result of fracture healing: initial mechanical stability offers an optimal fracture healing, which could be brought about by an undisturbed FH [6, 14, 19, 20, 33] .
However, the exact interplay of immune function and bone regeneration is currently unclear, especially in the early FH (inflammatory phase) [2, 30, 31, 34] . As a direct result of injury, numerous immune cells are present in the FH due to (1) bleeding (peripheral blood leaks through vessel damage into the gap) and (2) the broken bone itself (bone marrow flows into the fracture gap). Innate immune cells and CD4 + T cells adapt well to energy insufficiencies in that they are assumed to prevail in FHs [5, 44] . The hypoxia-inducible factor (HIF) plays an important role as a regulator to adapt to oxygen depletion [7] . HIF and its regulation mechanisms are crucial for the functions of both a congenital and an adaptive immune system [5, 8] . HIF regulates the cellular adaptation to oxygen deprivation by switching the cellular energy metabolism from oxidative phosphorylation toward glycolysis [36, 37] . Therefore, HIF induces genes for enzymes of the anaerobic glycolytic pathway such as lactate dehydrogenase A (LDHA) and phosphoglycerate kinase 1 (PGK1) [32, 38, 39] . In addition, hypoxia/HIF re-establishes the disturbed oxygen supply by promoting angiogenesis via VEGF and IL8 [21, 35] . Moreover, IL8 and IL6 are strong proinflammatory factors upregulated in hypoxic inflammatory processes that induce further migration of leukocytes, as could be indicated by the expression of the chemokine receptor CXCR4 [3, 13] . Also, hypoxia reportedly can mediate the induction of osteoblast markers such as SPP1, and this could point toward hypoxia-mediated osteogenesis [9, 18] .
Thus, in this preliminary study, to generate hypotheses about the influence of oxygen deprivation on the early FH, we asked the following questions: (1) Does the local expression in FH of genes involved in cellular adaptation to hypoxia, cellular migration, angiogenesis, and osteogenic differentiation vary in regard to the expression in peripheral blood (PB)? (2) Do these changes occur time dependently? (3) Is the initial gene expression during FH formation altered by irradiation and thus results in a depression of immune cells?
Materials and Methods
In this study, three different groups of patients (Table 1) matching the inclusion and exclusion criteria ( Table 2) were investigated: (1) patients with closed fractures of long bones, (2) patients undergoing a THA without radiation of the hip, and (3) patients undergoing a THA with preoperative irradiation (7 Gy, with 6-MeV photons, two opposing fields) of the hip (Fig. 1) . Hematomas from the patients with THA were sampled by aspiration during surgery. The study design comprised the investigation of gene expression of selected genes in FH samples, in the surrounding bone marrow (BM), PB, and hematomas from THA samples (THA-Hs), which were either untreated or irradiated (THA-X-H). To investigate our first question, local gene expression, we compared FH and BM with the corresponding PB. To analyze our second question, time-dependent changes in gene expression, we compared the FHs formed between 6 and 72 hours postfracture to THA-Hs, which served as a model of a Time Point 0 FH. To investigate our third question, influence of initial immune depression in fractures, we compared the gene expression in THA-Hs of untreated versus irradiated hips. PB, FH, BM, THA-Hs, and THA-X-Hs were kept in a heparinized tube to prevent coagulation. The FH and surrounding BM were separated by filtration of the fluid BM through a 70-lm cell strainer (BD Biosciences, Heidelberg, Germany). The tissue remaining in the cell strainer (FH) was pressed through the cell strainer to obtain a single-cell suspension.
To remove erythrocytes in all collected samples, the samples were incubated in erythrocyte lysis buffer (0.01 mol/L KHCO 3 , 0.155 mol/L NH 4 Cl, 0.1 mmol/L EDTA, pH 7.5) for 6 minutes at 4°C. Subsequently, samples were washed with phosphate-buffered saline + bovine serum albumin (137 mmol/L NaCl + 2.7 mmol/L KCl + 1.5 mmol/L KH 2 PO 4 + 7.9 mmol/L Na 2 HPO 4 9 H 2 O , pH 7.2 + 30 mmol/L bovine serum albumin). Erythrocyte lysis was repeated if necessary (after incomplete lysis of erythrocytes). The leukocytes obtained were filtered through a (Table 3 ). Data were normalized to the expression of b-actin (ACTB). All primers (Table 4 ) used were obtained from TIB Molbiol (Berlin, Germany).
Data are reported as the mean ± standard error of the mean. To answer our first question, the gene expression levels of each gene of FH and BM were compared with the PB of the corresponding patients using the Wilcoxon test for dependent groups. To answer our second question, the gene expression levels of FH and THA-H were compared using the Mann-Whitney U test for independent groups. To answer our third question, the gene expression levels of THA-X-H and THA-H were compared using the Mann-Whitney U test for independent groups. To perform the statistical analysis, we used GraphPad Prism 1 (Version 4.0; GraphPad Software, San Diego, CA).
Results
The local expression of HIF1A ( Fig. 2A) , LDHA (Fig. 2B) , IL8 ( Fig. 2E ), IL6 (Fig. 2F ), CXCR4 (Fig. 2G ), and SPP1 ( Fig. 2H ) was increased in FH and surrounding BM in comparison with that of the corresponding PB. VEGF Table 3 . Selected genes
Selected genes
Rationale for the selection of the genes Reference HIF1A HIF-1a is the accepted master regulator of hypoxia in almost all different cell types. It is regulated on the protein level, which allows a very fast adaptation of cells to hypoxia, but elevated expression of HIF-1a points toward prolonged hypoxic status.
Semenza [36] (1998), Semenza [37] (1999)
LDHA LDHA and PGK1 are enzymes involved in glycolysis. Their increased expression points toward oxygen insufficiency, as their expression is induced by lack of oxygen. In this study, they were used as marker genes reflecting hypoxia. 
VEGF VEGF is one of the most important proangiogenic factors. Angiogenesis is essential for successful fracture healing and angiogenesis is induced, eg, in hypoxic tissues, to increase the oxygen supply and to promote osteogenesis. Moreover, VEGF is a known HIF target gene. In this study, VEGF was used as a marker gene reflecting hypoxia-mediated angiogenesis.
Schipani et al. [35] (2009) IL8 IL8 is a proangiogenic but also a proinflammatory cytokine. Granulocytes, monocytes and T cells are IL8 producers. It promotes leukocyte activation, chemotaxis, and adhesion. Thus, it is a global player in inflammatory processes. In this study, IL8 was used as a marker gene pointing toward angiogenesis and ongoing inflammation.
Martin et al. [21] (2009) IL6 IL6 is a strong proinflammatory cytokine. It is produced by T cells, B cells, and monocytes leading to activation and differentiation of leukocytes. Additionally, IL6 activates osteoclasts. In this study, IL6 was used as a marker gene pointing toward inflammation.
Herman et al. [13] (2008) CXCR4 CXCR4 (SDF-1 receptor) is a chemokine receptor expressed on granulocytes, monocytes, lymphocytes, and stem cells. Its expression reflects the migratory capacity. In this study, CXCR4 was used as a marker gene for cell migration.
Campbell et al. [3] (2003)
SPP1 SPP1 is a late-stage differentiation marker gene for osteoblasts. Furthermore, its regulation has been shown to be dependent on hypoxia.
Li et al. [18] (2004), Gross et al. [9] (2005)
RUNX2
RUNX2 is a transcription factor that directs mesenchymal cells to osteoblast differentiation. In this study, the key regulator of osteogenesis RUNX2 was used as a marker gene for osteogenesis.
Komori [16] (2010), Nakashima and de Crombrugghe [24] 
HIF-1a = hypoxia-inducible factor 1a; LDHA = lactate dehydrogenase A; PGK1 = phosphoglycerate kinase 1. ( Fig. 2D ) was increased in FH and BM when compared to PB. Furthermore, a great increase of RUXN2 (Fig. 2I) was observed in FH when compared to PB. However, we observed no difference in the expression of PGK1 (Fig. 2  C) when comparing FH or BM with PB. The local expression of LDHA (Fig. 3A) and RUNX2 (Fig. 3E ) increased with time, as indicated by the comparison of TPA-H and FH. Furthermore, VEGF (Fig. 3B) , IL8 (Fig. 3C) , and SPP1 (Fig. 3D) expression increased time dependently, as indicated by the increased gene expression in FH when compared to that of THA-H.
The initial gene expression was altered by irradiation. Irradiation inhibited the HIF1A mRNA expression (Fig. 4A ). In addition, the IL6 mRNA expression ( Fig. 4B) was Volume 469, Number 11, November 2011 Inflammation in Fracture Hematoma 3123 completely abrogated and the mRNA expression of IL8 ( Fig. 4C ) and CXCR4 (Fig. 4D ) was reduced. After irradiation, the mRNA of the osteoinductive RUNX2 ( Fig. 4E ) was almost undetectable.
Discussion
The initial phase of fracture healing is characterized by inflammation [2, 30, 31] . Inflammation as a bioenergetically highly active process is associated with a reduction of oxygen availability [7, 8] . However, it is not only for this reason that one can assume the presence of bioenergetically restricted conditions in the initial FH; additionally, the simple existence of interrupted blood vessels will lead to an insufficient oxygen supply. We therefore asked the following questions: (1) Does the local expression in FH of genes involved in cellular adaptation to hypoxia, cellular migration, angiogenesis, and osteogenic differentiation vary in regard to the expression in PB? (2) Do these changes occur time dependently? (3) Is the initial gene expression during FH formation altered by irradiation and thus cause a depression of immune cells?
We recognize the existence of a number of limitations to our study. First, the material we obtained provided only small cell numbers. Thus, the obtained RNA amounts were small and not all genes could be investigated. Second, not all collected samples could be analyzed due to the difficult RNA preparation of the sticky, fatty, matrix-rich material. Third, different leukocyte subpopulations and further cell types are present in the FH; thus, our data reflect an analysis of whole cells. Nevertheless, with regard to this limitation, we selected the factors to be analyzed, ie, the factors investigated were not any of those specific to only one cell type. Fourth, the expression of all factors was only analyzed at the RNA level, a fact that does not necessarily reflect the regulation at the protein level. Nonetheless, this ascertainment of RNA expression data still provides important information on cellular adaptations.
To evaluate hypoxia-mediated effects in the FH time dependently, we analyzed early FHs (\ 72 hours) and compared these to a Time Point 0 model of a FH THA-H. First, we analyzed the expression of the master regulator of adaptation to hypoxic conditions HIF-1a. We observed no difference in the HIF1A mRNA expression between FH and THA-H, a finding consistent with the known regulation of HIF-1a at the protein level and not at the mRNA level [7, 8] . Nevertheless, the upregulated expression level of LDHA clearly indicates a hypoxia-induced effect. Furthermore, the hypoxia-regulated genes IL8 and VEGF were upregulated in FH and surrounding BM, indicating the inflammatory and proangiogenic capacity of the FH [41] . Immigration of neutrophils and macrophages into the fracture gap occurs within 48 hours [4, 12] . One of the possible mechanisms involved could be mediated by hypoxia-induced upregulation of CXCR4 ( Fig. 1 ), leading to a chemoattraction of immune cells. SPP1 as an indicator of beginning osteogenesis [24] belongs to HIF-regulated genes [1] , and we could show its upregulation and the upregulation of RUNX2, a transcription factor mediating osteoblast differentiation [16, 17, [24] [25] [26] in FH. Thus, our results confirm the hypothesis that oxygen is lacking in the initial FH, and these findings are also in good agreement with known facts taken from the literature.
The majority of cells analyzed from FH and THA-H belong to the leukocyte population. For this reason, we further explored the functioning of immune cells in the FH using the THA-H from patients without and with hip irradiation (7 Gy) before surgery (to prevent heterotopic ossification). The irradiation is assumed to influence especially metabolically highly active and proliferating cells, such as the immune cell populations in the radiation field [40] . HIF1A, IL6, IL8, CXCR4, and RUNX2 mRNA expressions were decreased in irradiated THA-H, indicating the important involvement of immune cells in the onset of bone regeneration (Fig. 2) . This irradiation-mediated influence could, among other things, elucidate the known suppression of heterotopic ossification [27, 28, 45] .
Our observations demonstrate cells in the inflammatory FH adapt to hypoxic conditions, which leads to angiogenesis, chemotaxis, and osteogenesis. Prominent examples for this statement are the upregulation of VEGF (which promotes angiogenesis) and IL6 (shifting the local milieu toward a proinflammatory situation). The clinical implications of these observations are unclear, but we speculate facilitating these effects therapeutically may enhance fracture healing.
